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Tbjective: The assessment of flow characteristics inside ventricular assist devices by
agnetic resonance imaging techniques may provide insight into the mechanisms
nderlying the high rate of thromboembolic events after implantation of a ventric-
lar assist device. Furthermore, these investigations may form the basis to optimize
he device’s design and its need for anticoagulation. The purpose of this study was
o integrate a clinical routine ventricular assist device into a flow circuit with
ealistic geometric and pulsatile inflow conditions. Combination with flow-sensitive
agnetic resonance imaging at 3 T permitted the detailed analysis of local and
lobal 3-dimensional flow dynamics in a realistic environment.
ethods: A commercially available ventricular assist device was integrated into a
agnetic resonance–compatible flow circuit. Flow-sensitive 3-dimensional mag-
etic resonance imaging was performed to measure time-resolved 3-directional flow
elocities in the entire device. Advanced computer-aided 3-dimensional flow visu-
lization methods were used to derive a comprehensive picture of flow dynamics
ithin the ventricular assist device system.
esults: On the basis of the ventricular assist device model system, magnetic
esonance imaging, and flow visualization, the first 4-dimensional functional mag-
etic resonance imaging analysis of flow characteristics inside an operating clinical
outine ventricular assist device chamber system is reported. Detailed visualization
f flow patterns and local changes in flow characteristics were successfully per-
ormed and revealed locally accelerated, vortical, and helical flow regions inside the
eometry of the device.
onclusions: Complex flow patterns such as vortex formation and locally acceler-
ted flow demonstrate the potential of the presented method to further deepen the
nderstanding of complex and regionally different flow characteristics inside ven-
ricular assist devices.
echanical circulatory support has evolved as a realistic therapeutic option
for patients in end-stage heart failure.1-7 There has been an improveme
in many aspects of the ventricular assist device (VAD) over the past
ecades, resulting in an increased implantation rate in many cardiac surgical
enters.1-3,8 However, some potentially lethal and devastating complications rem
fter VAD implantation, including thrombus formation and embolization, infec-
ions, and device failures.9,10 To prevent thromboembolization, most devices ne
sophisticated anticoagulation regimen that in turn creates problems of its own (eg,
leeding or stroke).5,6,11
An ideal approach to investigate blood flow in a VAD would require direct
ssessment of flow characteristics during the in vivo setting. A potential solution
ay be offered by two- or three-dimensional (2D or 3D) time-resolved flow-ensitive magnetic resonance imaging (MRI) methods, which have been widely applied
he Journal of Thoracic and Cardiovascular Surgery ● Volume 134, Number 6 1471
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CSPor the qualitative and quantitative assessment of in vivo blood
ow.12-14 More recently, true 3D time-resolved MRI w
-directional flow encoding (flow sensitive 4D-MRI) has been
ntroduced.15,16 Such techniques permit the detailed ana-
is of dynamic blood flow characteristics within an acquired
D data volume covering the entire thoracic aorta,17-19 the
eart,20 or the peripheral arteries.21
However, implanted VADs are often not MR compatible
r the patient setup does not allow MR acquisitions, and in
ivo flow studies thus cannot be performed directly. For the
nderstanding of flow characteristics within VADs to be
nhanced, it is therefore of great interest to provide a
ealistic in vitro VAD model system.22 The experimental
imulation and analysis of 3D flow patterns in such a system
ay have the potential to deepen the understanding of the
evelopment of flow patterns and evaluate functional con-
equences such as thrombus development.
To our knowledge, no detailed 3D flow analysis of VAD
ow characteristics has been presented to date, and the
ctual flow patterns inside VADs in pulsatile flow mode are
enerally unknown. The overall aim of this study was to test
he feasibility of an MR-compatible VAD model system
or the assessment of regional 3D flow characteristics within
he device. Thus, it was the purpose of this study to perform
ow-sensitive 4D MRI measurements in combination with
etailed 3D visualization for the assessment of 3D flow
ynamics inside a VAD model system. Specifically, the
nflow waveform at the inlet of the vascular model was
djusted to match the blood flow characteristics typically
sed in vivo by using an identical control and pump unit.
As a long-term objective, such model systems could also
e used to optimize the design of VADs and to test different
nflow conditions and their effects on the blood flow char-
cteristics and VAD performance.
aterials and Methods
AD Model System
commercially available VAD (MEDOS VAD-Pump-Chamber;
EDOS Medizintechnik AG, Stolberg, Germany) was integrated
nto a closed MR-compatible flow circuit including polyvinyl
hloride tubes, a reservoir, and an air pressure pump and control
nit, which was placed outside the scanner room.
The VAD (chamber size  60 mL) consisted of a pneumati-
ally driven blood pump that may serve as support of the left or
ight ventricle as well as biventricular assistance for both ventri-
Abbreviations and Acronyms
2D, 3D, 4D two-, three-, four-dimensional
MR magnetic resonance
MRI magnetic resonance imaging
VAD  ventricular assist deviceles. The pulsatile volume flow created by the control and pump c
472 The Journal of Thoracic and Cardiovascular Surgery ● Decnit was adjusted by two opposite permeable bulbs at the inlet or
utlet side with inserted 3-leaflet valves similar to the natural
ortic valve. The pressure wave was transmitted to the pump
hamber by a double-layered membrane transferring the supplied
eriodic pressure changes into pulsatile blood flow through the
AD.
The pump and control unit consisted of a clinical routine device
MEDOS VAD-Driving Unit; MEDOS Medizintechnik AG) used
or in vivo VAD operation, which was modified by use of long
ubes (approximately 8 m) to connect the pump unit outside the
R room to the VAD circuit inside the MR scanner. Periodic
ressure waveforms were transferred to the VAD circuit to gen-
rate pulsatile flow (systolic pressure  180 mm Hg, diastolic
ressure  20 mm Hg, systolic fraction  35% of flow cycle)
ithin the VAD model system.
A reservoir with approximately 5 L of additional fluid was
ntegrated into the flow circuit to simulate in vivo pressure
onditions.
The fluid (water) was doped with a gadolinium-based contrast
gent (Magnevist; gadopentetate dimeglumine, Schering, Ger-
any) to maximize signal-to-noise ratio. A schematic illustration
f the experimental setup is provided in Figure 1.
RI Measurements
ll MR experiments were performed with a 3-T MRI system (Mag-
etom TRIO; Siemens, Germany) with a standard 8-channel body
oil. MR flow measurements covering the entire VAD were per-
ormed by time-resolved 3D phase contrast MRI (flow-sensitive 4D
RI) with interleaved 3-directional velocity encoding (spatial reso-
ution  2.0  1.9  2.0 mm3, flip angle  15°, echo time/
epetition time  3.7/6.1 ms, velocity sensitivity  150 cm/s).23
easurements were prospectively gated to the RR interval simu-
ated by the pump system, and 14 time frames with a temporal
esolution of 48.8 ms were collected within the flow cycle.
ata Analysis—3D Flow Visualization
fter noise masking and eddy current correction,24 the measured
elocity data were loaded into a commercially available software
ackage (EnSight; CEI, Apex, NC) for 3D visualization of the flow
haracteristics inside the VAD system. The software permitted
nteractive 3D data navigation, definition of cut planes transecting
he 3D data volume at any user-selected angle, and 3D visualiza-
ion of the measured flow velocities as vector graphs and 3D
treamlines.25
Vector graphs were generated on predefined 2D cut planes and
llustrated the direction and magnitude of the measured flow ve-
ocities for different frames within the flow cycle.
The 3D streamlines represent lines locally parallel to the 3-
irectional flow velocity field for a given time-frame within the
ulsatile flow cycle. All tracings were color-coded according to the
easured local low velocities and originated from a set of equi-
istant grid points on an emitter plane, which was interactively
ositioned within the 3D imaging volume.
esults
ime-resolved 3D VAD Geometry
o analyze the performance and associated geometric
hanges of the VAD during periodic pressure variation, we
ember 2007
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Pnteractively positioned 2D cut planes in the time-resolved
D magnitude data set. Figure 2, A shows the state of t
AD during filling, inflow, and mostly homogenous signal
nside maximally expanded VAD chamber volume. Fig
, B represents the state of the VAD during maxim
ressure, outflow, and reduced signal inside the maximally
ompressed VAD chamber volume. Note that metallic com-
onents at the inlet and outlet result in signal loss (open
rrows). The cyclic volume changes during the entire flow
ycle can be best appreciated in the supplemental movie file.
D VAD Flow Analysis
o depict the 3D flow characteristics within the entire VAD
or the whole flow cycle, we applied 3D streamline visual-
zation. Emitter planes normal to the VAD lumen were
laced near the inlet and outlet of the VAD chamber.
The results for all 14 analyzed time frames within the
ow cycle are shown in Figure 3. Similar to Figure 
agnitude data additionally reflect the state of the VAD
hamber during the flow cycle. Higher signal intensities in
he VAD chamber in frames 6 to 10 are consistent with
inimal pressure and expanded VAD chamber volume.
The 3D streamlines demonstrated complex flow patterns
anging from flow channels along the VAD border during
lling (frames 1–5) followed by circular flow patterns and
ortex formation in the VAD lumen (frames 6–10). Accel-
rated flow before and during filling of the VAD lumen in
rames 2 to 6 is followed by high outflow during phases 10
o 14. Note that flow channels along the borders of the VAD
olume persist throughout the entire flow cycle.
A more detailed visualization of 3D flow patterns for two
elected time frames is shown in Figure 4. During filli
he VAD chamber (Figure 4, A), high and accelerated flo
t the inlet can clearly be appreciated. Moreover, the exis-
ence of a considerable flow vortex inside the expanded
igure 1. Schematic illustration of the setup used for MRI-based
D flow analysis. A commercially available VAD was integrated
nto a closed flow circuit and connected to a control and pump
nit. Periodic pressure variation identical to in vivo VAD opera-
ion was used to generate pulsatile flow within the VAD model
ystem. Additional realistic boundary conditions were achieved
y adding a reservoir to the circuit (not shown) to reach a total
uid volume of approximately 5 L, similar to the typical blood
olume of a human subject. VAD, Ventricular assist device; MRI,
agnetic resonance imaging.AD chamber is clearly visible (white arrows). a
The Journal of Thoracice
f
The 3D flow characteristics at the onset of the filling
hase are illustrated in Figure 4, B. Although the VAD
hamber is still almost fully compressed, a small flow
hannel (yellow arrows) along the outer rim of the VAD
hamber has already developed.
Similar flow patterns were detected by vector graph
isualization as depicted in Figure 5 for a time f
orresponding to the filling phase in Figure 4, A. Consider-
ble vortex formation in the central VAD lumen (yellow
rrows) as well as accelerated flow at the inlet (white
rrow) are clearly visible.
igure 2. Time-resolved 3D MRI in 3 orthogonal cut planes
ransecting the VAD fluid volume. Different time frames within the
ulsatile pressure–driven flow cycle clearly show expanded VAD
hamber volume during filling (top, A) and maximum volume
ompression during maximum pressure and outflow (bottom, B).
ote that metal artifacts near the VAD valves at the inlet and
utlet results in signal void in these regions (open arrows). See
lso supplemental video. VAD, Ventricular assist device.
and Cardiovascular Surgery ● Volume 134, Number 6 1473
Cardiopulmonary Support and Physiology Markl et al
1
CSPFigure 3. 3D streamline visualization of the mea-
sured flow characteristics in the entire VAD
throughout the experimentally simulated pulsa-
tile flow cycle. Overall flow directions at the inlet
(left arrow) and outlet (right arrow) of the VAD
chamber are indicated in the top left images. A
more detailed visualization of local flow charac-
teristics for frames 1 and 6 is provided in Figure 4.Figure 4. 3D flow characteristics during VAD
filling (left) and a time frame representing inflow
and outflow (right). A, During filling of the VAD
lumen, accelerated flow at the inlet and the
development of a substantial flow vortex (white
arrows) in the already expanded VAD lumen is
evident. B, Time frame representing flow pat-
terns at the end of the outflow phase (right flow
channel) while inflow and filling of the VAD is
initiated (left flow channel). The VAD lumen is
still compressed and only a small flow channel
along the outer rim of the VAD lumen is visible
(yellow arrows). VAD, Ventricular assist device.Figure 5. Detailed 3D flow characteristics during the filling phase
of the VAD. Visualization of the measured flow velocities was
performed as 3-directional vector graphs in a plane transecting
the VAD volume as well as inflow and outflow channels. Large
white and yellow arrows indicate regions of flow acceleration
and vortex formation, respectively.474 The Journal of Thoracic and Cardiovascular Surgery ● December 2007
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Piscussion
esults of this study indicate that in vitro flow experiments
ould successfully be performed inside a VAD model sys-
em. The integration into an optimized pulsatile flow circuit in
ombination with the application of flow-sensitive 4D MRI
ermitted detailed analysis of dynamic flow characteristics in a
ealistic environment resembling in vivo conditions.
Flow-sensitive 4D MRI may thus have the potential to
nhance the understanding of flow characteristics inside
AD systems with different size, geometry, and inflow
onditions (eg, nonpulsatile versus pulsatile flow). More-
ver, the detailed visualization flow patterns and/or local
hanges in flow velocities may help to identify vortical,
elical flow regions inside the VAD geometry that are likely
o develop thrombi or other functional deficits that may
mpair VAD performance.
It has to be noted, however, that thrombosis as a result of
ortical or helical flow was not directly observed in this
tudy. In our evaluation of the observed flow patterns inside
he VAD, we hypothesize that such flow features may lead
o thrombosis as described in the literature for similar in
ivo flow patterns.26-30 Future studies should therefore i-
lude a more detailed analysis of parameters directly related
o thrombogenesis, such as changes in wall shear forces that
an be derived from the measured flow velocity vector
elds.27,30
In addition, VAD model systems and experimental MR
ow simulations in a controlled environment offer the op-
ortunity to modify location, size, and shape of the VAD
nd optimize its performance with respect to generation of
arget flow characteristics. Moreover, MR flow analysis
oupled with realistic VAD model systems has the potential
o permit the detailed analysis of the influence of size and
hape of different VAD geometries on local flow dynamics,
or example, change in flow vortex formation as a function
f VAD chamber size and shape. Larger studies may thus
rovide new information for the optimized design of VAD
eometry and/or inflow conditions.
Limitations of this study include the use of water for all
ow experiments. A more realistic experimental setup
ould require the use of human plasma or blood in combi-
ation with appropriate temperature control. Future studies
sing blood mimicking fluids or even real plasma or blood
re thus warranted to analyze the influence of viscosity and
ensity on flow dynamics inside VAD systems.
In addition, the inflow boundary characteristics may have
een altered compared with in vivo conditions owing to the
ong tubes that were necessary to deliver the periodic pres-
ure changes to the VAD system. Further studies are thus
lanned to understand the waveform variation of the prop-
gating wave to permit a more precise generation of realistic
nflow conditions. i
The Journal of ThoracicThe VAD used for this study demonstrated metal arti-
acts, for example, signal loss, in regions at the inlet and
utlet.
The existence of such metal components limits the ap-
lication of sensitive MRI for the assessment of flow char-
cteristics inside all regions of the VAD. Therefore, no
esults could be obtained concerning the flow characteristics
n the “sinus of Valsalva–type” recesses of the inflow and
utflow cannulas that are originally designed to resemble
ature in that respect. Clinically, these sinuses are fre-
uently areas of thrombus formations (especially on the
ight side), leading eventually to the exchange of the pump
hamber.
Nevertheless, metal components of the investigated
AD only partially obstructed the device, and flow patterns
ere successfully analyzed in large sections of the VAD,
uch as the pump chamber as well as the inlet and outlet.
he metal components, which are used to support the arti-
cial valve systems in the VAD, consist of simple rings
ounted at the outer layer of the VAD at the level of the
alve base. These can be removed and replaced by nonme-
allic materials without any additional changes or modifica-
ions of the VAD chamber, valves, and flow channels. It is
hus expected that the modified nonmetallic VAD will pro-
ide flow patterns identical to those of the original device.
uture studies will therefore be performed with completely
R-compatible model systems that will provide insights
nto 3D flow characteristics within all regions of the VAD
ncluding flow patterns through and near the valve systems.
Once such optimized model systems are established,
ncremental changes in VAD design (eg, chamber geometry
r valve design) and/or boundary conditions (eg, inflow
ressures) can be used to systematically evaluate and opti-
ize VAD operation by minimizing the extent of recircu-
ation zones and vertical flow fields.
Although the MRI flow characterization reported in this
rticle has not been compared with other flow analysis
ethods, additional measurement techniques or computa-
ional methods exist that have been used to assess flow
ithin model systems.30-35
In addition to optical measurements (particle trace ve-
ocimetry)30,31 or ultrasound using gas bubbles,32 many
tudies using computational fluid dynamics33-35 have been
erformed. Analysis was typically based on model geome-
ries or realistic vascular computer representations derived
rom angiography data. However, to our knowledge, no
etailed analysis of 3D flow dynamics using full VAD
overage has been reported on the basis of these modalities.
pecifically, no computational fluid dynamics study regard-
ng flow patterns inside a VAD using realistic boundary
onditions (ie, inflow waveforms and elasticity of VAD
hamber) has been reported to date. Owing to the complex-
ty of modeling realistic pump chamber performance using
and Cardiovascular Surgery ● Volume 134, Number 6 1475
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CSPomputer modeling, MRI may provide an advantage over
omputational fluid dynamics because the real VAD in
ombination with pump and control unit can be directly
ntegrated into the 3D flow analysis process.
The methods used in this pilot study permitted the de-
ailed evaluation of the 3D evolution of local flow patterns
nside a routine clinical VAD. Results illustrate that flow-
ensitive 4D MRI could successfully be used to analyze
ocal and global flow dynamics in a realistic VAD model
ystem.
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